Wear 390-391 (2017) 23-32 


Š l N 


ELSEVIER 


journal homepage: www.elsevier.com/locate/wear 


Contents lists available at ScienceDirect 


Wear 


Reproduction of white etching cracks under rolling contact loading on thrust ® carey 
bearing and two-disc test rigs 


F. Gutiérrez Guzmán“, M. Oezel”, G. Jacobs’, G. Burghardt®, C. Broeckmann’, T. Janitzky” 


a RWTH Aachen University, Institute for Machine Elements and Machine Design, Schinkelstrasse 10, 52062 Aachen, Germany 
> RWTH Aachen University, Institute for Materials Applications in Mechanical Engineering, Augustinerbach 4, 52062 Aachen, Germany 


ARTICLE INFO 


Keywords: 

Roller bearings 
Rolling contact fatigue 
White etching cracks 
Axial cracks 


ABSTRACT 


A common challenge in multiple fields of the mechanical driveline technology is the premature failure of rolling 
bearings due to white etching cracks (WEC). This failure mode is characterized by three-dimensional cracks, 
bordered by regions of altered material microstructure, which eventually lead to cracking or spalling of the 
raceway. Ultrasonic analysis of cylindrical roller thrust bearings have already shown that WEC are mainly lo- 
cated in the region under negative slip, which agrees with a cumulative frictional energy criteria. In this study, 
WEC were reproduced on a two-disc test rig using inner rings from radial cylinder roller bearings without pre- 
charging the samples with hydrogen. The investigations revealed an influence of the sliding direction and the 
lubrication regime on the WEC formation. The tests showed that a WEC failure induced by sliding occurs under 
boundary lubrication regime. Furthermore, it was determined that while single axial cracks and small WEC 
networks formed in the sample under positive slip; large WEC networks formed in the sample under negative 


slip. 


1. Introduction 


A common cause for maintenance and downtime in multiple fields 
of the mechanical driveline technology is the premature failure of 
rolling bearings due to the so-called white etching cracks (WEC). 
Although single cross-sections reveal two dimensional appearance of 
the affected areas, the damage pattern is characterized by multi- 
branching, three-dimensional sub-surface crack-networks, within re- 
gions of altered microstructure that lead to axial cracking or spalling of 
the raceway. These regions are called White Etching Areas (WEA) due 
to their etching resistance, as they appear white under reflected light. 

Further studies based on nanohardness measurements reveal that 
WEA present a hardness 30-50% higher than the bulk matrix [1,3,27]. 
By analyzing the premature failure, the appearance of WEA and WEC 
networks seem to vary significantly from an application to another 
depending, among others, on steel grade and heat treatment [11]. In 
[1,12,26] detailed 3D-mapping of WEA/WEC by metallographic serial 
sectioning was conducted to present a three dimensional reconstruction 
of the WEC network and it has been suggested that in some specific 
applications the structure is being formed beneath the surface. 

This failure mode has been most commonly observed in the wind 
energy industry, where WEC can lead to bearing failure at 5-20% of the 
nominal life [1]. This phenomenon has been studied thoroughly over 
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the course of the last years; however, there is a general lack of con- 
sensus regarding drivers and formation mechanisms. While some au- 
thors propose that the WEA are the cause of crack initiation and pro- 
pagation [2,3,35], other authors have suggested that the cracks are the 
precursor of the WEA [4,9]. Nevertheless, WEC have been found to 
affect both different bearing types and steels [1,5] and ongoing research 
has led to several general hypotheses regarding WEC influencing fac- 
tors, e.g. lubricant composition [1,5,6], slip [1,7,8], tensile stresses 
[1,9], electrical effects [10] and hydrogen [1,11]. The occurrence of 
hydrogen has been suggested to be generated by e.g. lubricant de- 
composition [26] and stray currents [10]. Despite intensive experi- 
mental investigations on rolling bearings [4—7,9,10,12], the question of 
WEC root causes has not been fully understood yet. However, through 
testing on a component level, it is not possible to decouple and assess 
the influence of single contact parameters, such as sliding direction, on 
the formation of WEC. Also, WEC reproduction on model test rigs with 
an improved control of the contact conditions, have only been suc- 
cessful in very few instances [1]. 

Recently, tribological conditions from angular ball bearings were 
transposed on a two-disc test rig in order to evaluate possible WEC 
drivers individually [7]. These investigations were carried out using 
rollers made of steel 100Cr6. The author investigated the influence of 
slide roll ratio (SRR) magnitude and gradient as well as lubrication 
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regime. Despite the considerable amount of tests and various parameter 
combinations no WEC were observed. This is supported by previous 
experiments on a two-disc test rig [13], in which the author assessed 
the influence of transient operating conditions in the formation of WEC 
in rollers made from martensitic hardened 100Cr6 steel. In this RCF- 
tests, WEC were not successfully created, except after an artificial hy- 
drogen pre-charging of the test rollers. However, in [1] it is suggested 
that the absence of WEC formation could have been caused by in- 
sufficient slip, traction and frictional energy. 

In a recent study, RCF-tests conducted on a two-disc test rig suc- 
cessfully recreated WEC under a maximum Hertzian contact pressure 
between 0.9-2.0 GPa and SRR values of 5% and 20%. The focus of the 
aforementioned investigations was to study the microstructural devel- 
opement leading to the formation of WEC without systematically in- 
vestigating the influence of contact parameters, such as the lubricating 
conditions on the WEA/WEC formation [34]. 

Further experimental investigations on a four-disc test rig demon- 
strated that the magnitude and the direction of sliding influence the 
formation of WEC [8]. The WEC failure occurred when the SRR was set 
at high values (|30%|) and the test roller surface velocity was higher 
than that of the load rings. On the basis of these findings it was pos- 
tulated that the presence of WECs can be predicted by a cumulative 
energy criterion [17]. This hypothesis agrees in principle with in- 
vestigations on cylindrical roller thrust bearings [16], in which a cor- 
relation was found between the location of WEC damage and the ra- 
ceway area with the highest friction energy accumulation. 

In this work, a statistical analysis of the lifetime limited by WEC 
induced failure in cylindrical roller thrust bearings made of martensitic 
hardened steel — 100Cr6 (1.3505/SAE 52100) — is presented. Based on 
these rolling bearing tests, the main tribological conditions were 
transferred on a two-disc test rig using inner rings from radial cylinder 
roller bearings made of martensitic hardened 100Cr6 (1.3505/SAE 
52100) steel without an artificial hydrogen pre-charging. The influence 
of the SRR and the sliding direction on the formation as well as on the 
extent of provoked WEC formation was assessed within the scope of 
these investigations. Subsequent microstructural investigation of the 
failed components was carried out to reveal the occurrence of the 
transformed microstructure associated with multi-branched crack net- 
works. Moreover, the axial crack morphology was investigated through 
a fractographic investigation. 

The aim of this work is to show the general applicability of a two- 
disc test rig - using bearing components — for investigating the influ- 
ence of WEC drivers individually. Furthermore, the experimental in- 
vestigations give an insight in to the influence of sliding and lubrication 
regime in the WEC formation. 


2. Techniques and experimental methods 
2.1. Lubricant 


The tested lubricant was a mineral oil with a viscosity grade of ISO 
VG 100, which had led to WEC formation in previous studies in a re- 
producible manner [12,18]. An analysis of the elemental composition is 
shown in Table 1. This specific oil is a commercially available, fully 
formulated gearbox oil with a measured kinematic viscosity of 
103.78 mm?/s at 40°C and a viscosity index of 100. Therefore, its 
specific chemical components are not publically available. 


Table 1 
Elemental analysis of the lubricant - measured by ICP. 


Sulphur (S) Phosphorous (P) Zinc (Zn) Calcium (Ca) Magnesium (Mg) 


8343 ppm 512 ppm 616 ppm 39 ppm 1950 ppm 
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2.2. Thrust bearing test rig 


The rolling bearing test rig used in this study is a FAG FES test rig, 
shown in Fig. 1, which is usually used for lubricant testing according to 
DIN 51819 [14]. In previously published work [12], the reproducibility 
of WEC induced failures on this test rig was demonstrated, using two 
cylindrical roller thrust bearings of type 81212 (Fig. 1). The static load 
of the bearings is mechanically applied by a plate spring package. The 
lubrication of test bearings with a constant oil flow rate is carried out 
through a closed lubrication circuit. This arrangement allows an in- 
dependent oil supply at the desired temperature for each of the test 
bearings. The frictional torque is continuously registered by means of a 
sheave. The mass temperature of the test bearings can be adjusted using 
a heating jacket. 

The rolling elements, as well as the housing and shaft washer ra- 
ceway, are made from martensitic hardened 100Cr6 steel. As opposed 
to the standard DIN 51819 [14], a polyamide cage (PA 66) was used in 
order to avoid a chemical influence by the brass cage usually used. 
Testing is carried out until either a predefined number of contact load 
cycles, acting on a single point of the raceway, is reached or a vibration 
level, normally caused by pitting or spalling, surpasses a set threshold. 


2.3. Two-disc test rig 


In this study, a two-disc test rig (Fig. 2) was used to perform WEC 
tests in a defined rolling contact with an enhanced control of the tri- 
bological conditions. The functional principle corresponds to that of a 
disc-disc tribometer. This test rig uses two inner rings from radial cy- 
linder roller bearings of type NU208-TVP2 and NU2208-TVP2. The 
bearings rings are made from martensitic hardened 100Cr6 steel and 
are powered by independent servomotors. The chemical composition of 
the tested material was determined by optical emission spectroscopy. 
The results are given and compared with the values according to the 
DIN EN ISO 683-17 [33] standard in Table 2. 

This arrangement allows testing at freely selectable SRR-values. The 
variable static load is applied using a loading lever connected to the 
upper shaft and an electrical motor with integrated spindle. The lu- 
brication of the bearings’ rings is carried out by a bath lubrication 
system. The oil level and temperature can be adjusted using the cor- 
responding heating/lubricating system. Analogous to the thrust bearing 
test rig, testing is carried out until either a predefined number of con- 
tact load cycles is reached or a vibration level surpasses a set threshold. 


2.4. Calculation methods and thrust bearing kinematics 


In this work, the lubrication film thickness hmin was calculated ac- 
cording to Dowson and Higginson [15]. The specific lubrication film 
thickness à was then determined using measured surface roughness 
Rai,2. The A-value, defined in Eq. (1), is used as a quantitative in- 
dication of the lubrication condition between two surfaces in contact. 


hmin 
VRaa + Rin (1) 


According to [7], values of A = 3 indicate full fluid lubrication 
conditions and values of à < 1 indicate boundary lubrication condi- 
tions. 

The rolling contact fatigue (RCF) depends strongly on the presence 
of sliding [19,20]. Rolling-sliding contacts are characterized by a su- 
perimposition of rotational and translational motion. Frequently, the 
slide roll ratio (SRR), defined in Eq. (2), has been used to describe the 
ratio of the sliding and the rolling velocity (Usiding and U;oning respec- 
tively) in the contact zone. 


A= 


SRR = 


Ustiding = 2 ¥ = 2 ).100% 


U + U (2) 


URolling 
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Test bearings (81212) 
Plate spring package 


1. Bearing washers 
2. Rolling element 
3. Polyamid cage 


10. Oil reservoir 


Fig. 1. FE8 test rig with test bearings of type 81212 according to [14]. 


On this basis, a clear distinction is made between two different 
operating statuses when the surface motion vectors of both contact 
bodies point in the same direction. While pure rolling takes place for a 
SRR-value of 0%, pure sliding occurs at + 200% SRR. Furthermore, it 
has been shown that the dependency of the RCF on the SRR can be 
attributed to the direction and magnitude of the tangential traction 
force [22]. Fig. 3 illustrates these conditions in an exemplary two-disc 
system for the case that the surface motion vectors in the contact zone 
have the same direction but different magnitude. 

Aside from conditions under pure rolling, the tangential traction 
force, which is transmitted between the contact surfaces, is caused by 
the sliding friction in the contact zone due to the different magnitude of 
the surface motion vectors. Therefore, the direction of the traction force 
can be derived from the magnitude of the surface motion vectors. The 
so called “follower” is the contact body, which is running with the 
lower surface velocity and experiences a traction force vector in the 
direction of the surface motion vector. Respectively, in the case of the 
contact body with the higher surface velocity — “driver” — the vectors 
point in the opposite direction. In order to describe these contact states, 
the terms negative slip, i.e. follower surface, and positive slip, i.e. driver 
surface, respectively had been used frequently [20-22]. In other words: 
the slower of the two elements in contact experiences negative slip. 

Due to the design and the resulting kinematics of cylindrical thrust 
bearings, slip occurs between rollers and bearing washers. The SSR, 
defined in Eq. (2), increases in proportion to the distance from the 
centre of the raceway, where pure rolling takes place. Fig. 4 shows the 
calculated values — related to the washer — for the test bearings of type 
81212. 


2.5. Thrust bearing test parameter 


In the framework of this study, six tests with two bearings each were 


Drive 1 


Gearbox 2 
Gearbox 1 


Load unit 


Drive 2 


Bearing ring 
NU208E-TVPz 


Drive shaft 2 


carried out in order to analyse the statistical scattering of the bearing 
lifetime until WEC induced failure. The test conditions, listed in 
Table 3, had been previously used in [12] with the aim of conducting a 
multiscale characterization of WEC. The measurement of the bearings 
arithmetic mean surface roughness R, revealed that both, rollers and 
washers, were within the range: Ra,rollers 0.065—0.076 um and Ra washer 
0.031-0.096 um. The initial A-values for the tests at 100 °C lie in the 
range of 0.32-0.45. It is thus evident, that under the selected conditions 
(Table 3) the tests were running within the boundary lubrication re- 
gime. 


2.6. Two-disc test conditions 


Ultrasonic measurements of cylindrical roller thrust bearing 
washers carried out in a previous study [12], showed that the WEC 
affected area is denser in the region of overrolled surface under nega- 
tive slip of around 8% and correlates with hypotheses based on an 
energetic approach for prognosis [16]. It should be noted that WEC 
were also found in areas under positive slip but to a much lesser extent. 
However, a counter observation to this is recent testing conducted on a 
PCS Instruments Micro-Pitting Rig (MPR) [5,17]. Within these in- 
vestigations WEC were found, when the SRR was set to be negative i.e. 
the test roller was under the condition of positive slip, according to the 
terminology used herein. 

Due to design of the two-disc test rig and as shown in Figs. 2 and 3, 
the slow-running bearing ring (NU208-TVP2) runs under negative slip 
and the fast-running bearing ring (NU2208-TVP2) under positive slip. 
Therefore, the impact of the direction of sliding can be assessed on each 
test simultaneously. In this work, the SRR value on the two-disc test rig 
is defined in Eq. (3). 
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Fig. 2. Two-disc test rig with test rings from bearings of type NU2208 and NU208. 
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Table 2 
Chemical composition of the bearing rings (AISI/SAE 52100) [wt%]. 
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C Si Mn P 5 Cr Mo Al Co Cu 
Tested material 1.05 0.26 0.41 0.012 0.008 1.46 0.023 0.024 - 0.165 
DIN EN ISO 683-17 0.93-1.05 0.15-0.35 0.25-0.45 Max. 0.025 Max. 0.015 1.35-1.60 Max. 0.10 Max. 0.05 - Max. 0.3 
Table 3 


w, | Angular speed — Disc 1 


Follower 


wz | Angular speed — Disc 2 


U, [Surface velocity — Disc 1 


Uz | Surface velocity — Disc 2 


Fu Traction force — Disc 1 


Fi Traction force — Disc 2 


Fy Normal load 


Fig. 3. Definition of negative and positive slip in a two-disc system. 


SRR = al Unu208 — Unu2208 Joos 
Uyu20s + Unu2208 


(3) 

Six tests were conducted in order to investigate the influence of the 
lubrication regime and SRR on WEC formation, as shown in Table 4. 
The selection of two different test series — under full fluid and boundary 
lubrication — was carried out, among others, under consideration of 
previous examinations on two- and four disc test rigs [7,8,17,18] as 
well as ultrasonic measurements of cylindrical roller thrust bearing 
washers [12,16]. The first four tests were conducted under full fluid 
film lubrication (A > 3). While maintaining an assumed complete se- 
paration of the mating rings, the influence of the SRR on the formation 
of WEC was investigated. Whereas test 1 (0% SRR) simulates the con- 
ditions in the centre of the thrust bearing contact zone, where pure 
rolling had taken place, test 4 (12.7% SRR) simulates the conditions at 
the outermost point of the contact zone (Fig. 4). Furthermore, in con- 
sideration of the previously carried ultrasonic measurements of cy- 
lindrical roller thrust bearings [12], tests 2 and 3 were carried out with 
8.3% SRR. 

For the second test series .-values < 1 were chosen to resemble the 
lubricating conditions in the thrust bearing on the tests, which have 
already been carried out. This was achieved by decreasing the speed of 
the mating rings. Considering the investigations on thrust bearings, the 
maximum contact pressure in tests 5 and 6 was increased up to 1.4 GPa. 
However, it is worth noting that there are numerous reports that a high 
contact pressure does not represent a necessary condition in order to 
create WEC [1,10] but shorten the test time [16]. According to [1,34], 
maximum contact pressures of 1.2 GPa can lead to WEC formation. In 
addition, it has been reported that temperatures in the range of 100 °C 
can promote WEC formation. As described in [7], the temperature can 
locally affect tribological drivers such as e.g. tribolayer formation. 
Therefore, a thermal insulation of the test chamber and the lubricating 
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Test conditions of cylindrical roller thrust bearings on FES test rig. 


Contact stress Oil flow Bearing mass Rotational Specific film 
(Hertz) - axial rate temperature shaft speed thickness ^ 
load 
(1.9 GPa) 80kN 0.25 1/ 100°C 300 min™' 0.32-0.45 
min 
Table 4 
Test conditions on two-disc test rig. 
Test # Contact Oil temperature Shaft Shaft SRR Specific 
stress speed speed film 
(Hertz) (NU208) (NU2208) thickness 
A 
1 1.2GPa 60°C 2200rpm 2200rpm 0% 10.3 
2 2024rpm 2200rpm 8.3% 15.4 
3 1012rpm 1100rpm 8.3% 7.1 
4 1936rpm 2200rpm 12.7% 19.1 
5 1.4GPa 70°C 88 rpm 100 rpm 12.8% 0.78 
6 100 °C 79 rpm 100 rpm 23.5% 0.24 


system was retrofitted in two phases, so that ultimately an oil tem- 
perature from 100 °C could be adjusted in test 6. Test 5, analogous to 
test 4, simulated the SRR at the outermost point of the thrust bearing 
contact zone. In contrast, test 6 simulates conditions in wind turbine 
gearboxes, where according to [1], transient events can lead to SRR 
from 20% to 110%. Therefore, test 6 was carried out with 23.5% SRR. 


2.7. Identification of white etching cracks and areas 


Metallographic investigations were carried out on radial bearing 
components used in the two-disc test rig. Samples were cut from regions 
vertical to the over-rolling direction, where surface damage was ob- 
servable. In addition, parallel sections were prepared, in order to in- 
vestigate the axial cracks. 

All samples were mounted in warm embedding resin, ground and 
mechanically polished with diamond suspension until a finishing step of 
1 um. A suspension of colloidal silica (OPS) was used for the final 
preparation step in order to remove deformations of the surface. The 
image analysis and photography was carried out using a stereo- and 
light microscope giving a final magnification of 1000 x, respectively. 
All prepared samples were etched in 3% nital solution for imaging with 
light optical microscopy and to reveal the altered microstructure 


Fig. 4. Slide roll ratio (SRR) and kinematics of test bearings of 
Pure type 81212. 
rolling 
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Table 6 
Test results — two-disc tests under boundary lubrication. 
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Fig. 5. Weibull distribution for WEC-failure. 
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associated with cracks. 

Furthermore, in order to identify the crack morphology and detect 
possible crack initiators such as non-metallic inclusions, one axial crack 
was opened by forced fracture. The procedure to open the axial crack is 
shown in Fig. 11. From the position of the axial crack, the opposing side 
was notched and the sample was bent to fracture. Additionally, an SEM 
investigation was carried out on the axial crack using a LEO 1450VP 
scanning electron microscope giving a final magnification of 20,000 x. 


3. Results of the experimental investigations 
3.1. Thrust bearing tests 


As part of a previous study [12], one WEC test was successfully 
completed using 81212 cylindrical roller thrust bearings. However, 
repeated tests were not conducted and, consequently, no statistical 
statements on the WEC failure were given. Therefore, six tests with two 
bearings each were carried out in this study under the operating con- 
ditions listed in Table 3. The Weibull distribution was evaluated (Fig. 5) 
in order to analyse the statistical scattering of the bearing lifetime until 
WEC induced failure. 

The obtained failure statistic shows a steeper ascent (8 = 2.4) 
compared to classical RCF-tests, in which, according to HoLWwecer et al. 
[5], B-values below one can be expected. These results are consistent 
with previous examinations with cylindrical roller thrust bearings from 
Type 81212 under diverging conditions [16]. 


3.2. Two-disc tests 


3.2.1. Influence of sliding under full fluid lubrication 

The results of the four tests are shown in Table 5. On these tests, no 
surface damage of the raceway was observed. Metallographic inspec- 
tions conducted on both rings of test 1 and 2 and on the ring, which 
experienced positive slip of test 4 showed no WEC. These results are 
consistent with previous examinations [7,13], in which WEC were not 
reproducible on different two-disc test rigs under rolling contact load, 
similar A-values and without hydrogen pre-charging. 


Table 5 
Test results — two-disc tests under full fluid lubrication. 


Test # Load cycles [Mio.] Surface damage Results from section 


preparation 
Follower Driver Follower Driver Follower Driver 
1 40.9 40.9 No No No WEC No WEC 
2 37.6 40.9 No No No WEC No WEC 
3 39.3 42.7 No No N.A. N.A. 
4 35.5 40.3 No No N.A. No WEC 
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Results from section 
preparation 


Test # Load cycles Surface damage 


Follower Driver Follower Driver Follower Driver 


5 10.5 
6 28.5 


12.0 
36.1 


No 
Spalling 


No 
Axial 
cracks 


No WEC 
WEC 


No WEC 
Axial cracks 
+WEC 


3.2.2. Influence of sliding under boundary lubrication 

The results of the two tests are shown in Table 6. Test 5 showed no 
signs of surface damage and metallographic investigations showed no 
WEC. In contrast, test 6 failed after 28.5 million cycles on the slow 
running ring. While the ring running under negative slip (NU208) failed 
due to the formation and propagation of cracks that eventually lead to 
material breaking out of the surface (Fig. 6), the ring running under 
positive slip (NU2208) showed multiple axial cracks on the raceway, as 
shown in Fig. 7. 


3.3. Metallographic characterization of the failed rings 


The undamaged microstructure is characterized by a martensitic 
structure containing spherical M3C-carbides enriched in chromium. 
Spherical carbides can be clearly identified by their white appearance, 
as expected for 100Cr6. 

White etching areas associated with cracks were detected on both 
rings from test 6. Typical image of the cross sections prepared from the 
ring running under negative slip (follower) is shown in Fig. 8. The 
observed WEA/WEC affected zone spread out over a large area up to 
580 um beneath the raceway surface. The orientation of the WEC de- 
tected in this ring can roughly be correlated parallel to the over-rolling 
direction. Similar observations with respect to the orientation of the 
WEC appearance have been made for axial thrust bearings tested on a 
FE8 test rig in [12,28]. However, detailed imaging of the affected area 
in Fig. 9 reveals irregular branching crack networks surrounded by the 
nano-crystalline microstructure. The area of transformed micro- 
structure shows no preferred orientation with respect to the over-rolling 
direction of the raceway. Furthermore, according to [5,29,30] a sig- 
nificant carbide degradation within the white etching areas takes place. 
This phenomenon is explained basically due to the deformation and 
dissolution of the spherical carbide precipitations. According to the 
damaged areas in Fig. 9, no remaining carbides can be observed within 
the altered microstructure. 

Fig. 10 shows the cross section, containing one axial crack of the 
ring running under positive slip. The close-up view in Fig. 10 (a) shows 
the path of the axial crack extending 2175 um beneath the surface. In 
this plane, no WEA can be observed in association with the axial crack. 
However, another detailed image in Fig. 10 (b) of the cross section 
reveals WEA/WEC affected zone beneath the raceway surface. The or- 
ientation of the WEC detected in this ring cannot be correlated to the 
over-rolling direction. 

In order to get detailed information on the morphology of an axial 
crack, a further axial crack was opened by forced fracture. Fig. 11 
shows the bending procedure to open the axial crack and both crack 
sides showing the crack faces and the forced fracture regions. More 
details of the upper crack face, indicated as (a), are given in Fig. 12. 

Fig. 12 shows the upper crack face of the opened crack (marked 
with a square in Fig. 11 (a)). In order to study the crack morphology 
and to detect possible material defects, higher magnifications in back- 
scattered electron (BSE) imaging mode were applied. The fractography 
of the crack face, shown in Fig. 12, suggest that the axial crack initiated 
and propagated below the surface. In neither of the two crack faces 
WEA - which would appear as light grey areas due to the refined grain 
structure [12] — were observed. The path of the crack propagation 
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Fig. 8. Light optical micrograph of the etched cross section prepared from the bearing 
ring under negative slip - NU208. 


Fig. 9. SEM image of the WEA/WEC region indicated as (a) in Fig. 8 showing no carbide 
precipitations remaining inside the WEA zone. 


indicates that the origin of the damage had taken place at the marked 
area in Fig. 12 (a). Furthermore, a cyclic deformation zone can be ob- 
served between the crack initiation area and the rolling surface. A close- 
up view (indicated as (b) in Fig. 12) of the material near to the surface, 
shows horizontal cracks which can be seen as initial stages of material 
breaking next to the axial cracks. Furthermore, Fig. 12 (b) shows clear 
evidence of crack face deformation due to rubbing friction. 
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Fig. 6. Spallation on the raceway of the slow-running ring i.e. 
“Follower”. 
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Fig. 7. Axial-cracks on the raceway of the fast-running ring i.e. 
“Driver”. 


raceway surface 


Fig. 10. Light optical micrograph of the etched cross section prepared from the bearing 
ring under positive slip - NU208, (a) close-up image of the axial crack, (b) close-up view 
of the WEC affected area beneath the raceway surface. 


4. Discussion 
4.1. Influence of sliding 


The formation of WEC in axial thrust bearings and in the inner rings 
tested on a two-disc test rig takes place mainly in the raceway areas 
under negative slip. It should be noted, that WEA can be found, to a 
much lesser extent, in the areas under positive slip. The stronger de- 
velopment of the crack networks under negative slip could be attributed 
to two key aspects. On the one hand, a volume element under negative 
slip is exposed to a higher material stress [22], on the other hand the 
surface crack growth, and propagation is favoured by negative slip 
[21,23]; 

According to [22], a material volume under negative slip is sub- 
jected to an alternating load. Whereas positive slip leads to a lower, 
swelling load. These loads are obtained by superimposing the stress 
components resulting from the Hertzian pressure, the traction force and 
the temperature in the contact zone. While the Hertzian pressure and 
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the temperature in the contact zone lead to compressive stresses, 
(shown in Fig. 13 (a) and (b) respectively) the traction force leads to 
shear stresses, with the resulting compressive-tensile stress peaks and 
the edge of the contact (shown in Fig. 13 (c) and (e)). As described 
above, in instances under negative slip, the traction force vector is in 
the same direction as the surface motion vector while in instances under 
positive slip, both vectors point in opposite directions. This leads to the 
aforementioned significantly diverging stress states, which are shown in 
a simplified form in Fig. 13 (according to [22]). 

Besides the higher stress levels under negative slip, the crack for- 
mation is favoured in these instances due to the lower limits of the 
fracture-mechanical material properties under alternating load. 
Previous studies demonstrated that the fatigue crack growth and or- 
ientation in rolling/sliding contacts is influenced by the direction of the 
traction force vector in relation to the direction of surface motion 
vector. As previously described in [20,21,24] a crack formed on the 
surface under negative slip — traction force and surface motion vectors 
pointing in the same direction — grows faster than the one on the surface 
under positive slip. According to [20] and as exemplary shown in 
Fig. 14, this effect is caused by lubricant penetration in the crack en- 
abled through the crack orientation. In the case of the follower, the 
crack is open before the contact reaches the crack mouth, therefore 
allowing the lubricant to enter the crack. The entrapped lubricant 
causes a rise in the hydraulic pressure upon a contact body entering the 
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Fig. 11. SEM fractography of the axial crack; axial crack opened 
by forced fracture, (a) upper part of the crack face indicating the 
morphology of the crack and the area of the forced fracture (b) 
opposite site of the crack face. 


contact zone, which is applied on the crack face and ultimately leads to 
crack growth. 

On the other hand and shown in Fig. 15, due to its orientation, a 
crack under positive slip will be closed before entering the contact zone. 
This prevents lubricant seepage reducing the crack propagation rate 
and increasing the rolling fatigue life. 

A more detailed description of crack growth and propagation me- 
chanisms can be found in [20,23]. Furthermore, according to [24] a 
vertical crack is less inclined to experience the oil hydraulic pressure 
and grows, consequently, slower than an inclined crack. These char- 
acteristics could explain the higher damage extent observed in the disc 
under negative sliding, where the damage areas show most likely pit- 
tings in a preliminary stage (Fig. 6). 

However, the focus of the aforementioned studies was on classical 
fatigue damage and does not give an explanation as to why WEA were 
found mostly in the areas under negative slip. In this context, numerous 
previous studies have suggested and demonstrated [1,7,13,16,18] that 
hydrogen diffusion into the steel is a WEC driver. Therefore, various 
theories and hypotheses regarding hydrogen generation and entry into 
bearing steel during operation had been developed e.g. it has been 
proposed that the shearing of the entrapped lubricant and (if present) 
water contamination caused by the rubbing of nascent surfaces at crack 
tips could lead to hydrogen liberation and diffusion into the steel 
[1,7,8]. This may explain why the multi-branched cracks from the disc 


Fig. 12. SEM fractography of the upper part of the crack face. (a) 
close-up view beneath the raceway surface showing the assumed 
crack initiation area. (b) cyclic deformation zone - close-up pic- 
ture (BSE mode) directly beneath the raceway surface showing 
side cracks and deformation of the axial crack surface due to crack 
rubbing. 
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Fig. 14. Schematic illustration showing the crack orientation (a) and opening - before 
contact — (b) under negative slip. 
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Fig. 15. Schematic illustration showing the crack orientation (a) and opening - after 
contact — (b) under positive slip. 


running under negative slip showed WEA, while the axial cracks from 
the disc running under positive slip did not. 

As a counter argument to the theory of hydrogen assisted propa- 
gation of surface cracks and as stated before, it has been shown in 
[8,17] that WEC formed only in instances where the traction force and 
surface motion vectors pointed in different directions i.e. under positive 
slip. However, it is worth noting that in [8,17] the tests roller running 
under negative slip i.e. instances, where the traction force and surface 
motion vectors pointed in the same direction, failed through pitting 
formation approximately two times earlier even though no WEC were 
found. Furthermore, metallographic sectioning carried out in [12,26] 
has revealed strong indications for subsurface WEC initiation and pro- 
pagation in some specific applications, so that further investigation is 
needed. 


4.2. Influence of lubrication regime 


It has been recently discussed in numerous studies that the lu- 
brication regime influences the formation of WEC [1,7]. This is con- 
sistent with the experimental results on the two-disc test rig in which no 
WEC were found on tests running under full fluid lubrication condition. 
Recent literature [8] suggests that under boundary lubrication condi- 
tions (A in the range of 0.06-0.7) the extent of the WEC damage in- 
creases as the lambda value decreases. Furthermore, testing on angular 
contact ball bearings and cylindrical roller thrust bearings showed that 
the location of the WEC affected area correlated with local mixed lu- 
brication [7]. 

The influence of the lubrication regime on the formation of WEC can 
be probably attributed to two mechanisms. As described in [16] and 
shown in [25], atomic hydrogen can be generated in sliding contacts 
through decomposition of the lubricant by catalytic reactions with 
nascent steel surfaces. According to [25] the amount of generated 
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Fig. 13. Schematic illustration showing the surface stresses under 
negative (a, b, c and d) and positive (a, b, e and f) slip according 
to [22]. 


hydrogen correlated with the amount of wear-induced nascent steel 
surface. It can be assumed that the amount of nascent steel surfaces 
increases as the lambda value decreases [1] and as aforementioned, 
there are numerous reports that hydrogen diffusion into the steel is a 
WEC driver. A detailed description of hydrogen absorption from the 
lubricant can be found in [16]. Another influence mechanism of the 
lubrication regime on the WEC formation is associated to the previously 
described mechanism of crack growth in rolling/sliding contacts. In 
[20] it was proposed that under full fluid lubrication the traction force 
acting on the contact surfaces is greatly reduced. Therefore, there is no 
significant lubricant penetration into the surface cracks interior. This 
limits not only the crack propagation but also the liberation of highly 
diffusible hydrogen at the crack tips. 

Furthermore, in a simplified approach, it can be assumed that with 
increasing contact severity, the frictional energy in the contact zone 
increases and consequentially the energy input in the material. 
Therefore, three different energetic approaches had been proposed to 
evaluate the WEC formation risk. A detailed description can be found in 
[7,16,17]. 


4.3. Damage pattern 


In the present work, WEA regions and WEC networks, which can be 
seen as a root cause of premature bearing failure in [1-4], were de- 
tected in radial cylinder roller bearing components tested on a two-disc 
test rig. In the case of the ring tested under negative slip, the mor- 
phology of the WEC-affected areas can roughly be described as zones 
horizontally orientated to the over-rolling direction, which lie between 
70 and 580 um below the surface. The location of the affected areas 
roughly correlates with the location of the maximum von Mises stress 
oy, calculated to be 214 um (1.4 GPa) below the raceway surface. Al- 
though similar observations cannot be made when using other bearings 
types or test methods, these findings can also be found on axial thrust 
bearings tested on FE8 test rigs [12]. Furthermore, based on the ob- 
served macroscopic surface damage and the aforementioned horizontal 
orientation towards the surface, it can be assumed that the observed 
WEC networks had already undergone a propagation into the material — 
with an angle to the surface — before being detected. Previous in- 
vestigations regarding RCF have shown, that an advanced crack path 
contains multiple points in which the direction of propagation changes 
locally [35], which could explain the observed variation of the WEC 
depth. It had been shown that the propagation of surface initiated 
cracks lead ultimately (at an advanced stage) to pitting failure, when 
secondary branching cracks form and reach the surface [35]. On the 
other hand, it should be noted that it has been proposed that WEC 
networks can initiate sub-surface from non-metallic inclusions (espe- 
cially inclusions with oxide parts), which can be found in the entire 
volume of the material [36]. The initiation point and mechanism mode 
of the investigated WEC networks cannot be recognized due to the 
advanced stage of the damage. Furthermore, regarding the formation 
mechanism, in a recent study by Li et al. [34] it has been suggested that 
WEC networks are the result of incoordinate plastic deformation during 
the WEA formation. 
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Besides WEC, axial cracks were found in the ring tested under po- 
sitive slip. It should be noted, that no WEA could be observed in as- 
sociation with the examined axial crack. In recently published work, the 
occurrence of axial cracks was described as a consequence of local 
circumferential tensile stresses, which lead to early initiation and pro- 
pagation of cracks orientated vertical to the over-rolling direction 
[9,31,32]. In [9], analysis of axial cracks on rolling bearings used in 
wind turbines showed different stages of crack growth in the subsurface 
regions. In this work, similar observations can be made by force frac- 
turing one axial crack of the ring tested under positive slip. The crack 
has developed to an advanced stage showing that the crack initiation 
and propagation had taken place below the surface. Close-up images of 
the crack face indicate hairline cracks, which can be seen as con- 
sequential damages due to the cyclic loading of the bearing compo- 
nents. According to [9] the failure mechanism for the occurrence of the 
axial cracks can be deduced to the bulk tensile stresses superposed with 
material defects that can be seen as crack initiators below the surface. 


5. Conclusions 


The experimental investigations from this work showed, for the first 
time, that WEC can be generated on a two-disc test rig - using bearing 
components — under rolling contact loading without additional loading 
such as hydrogen pre-charging or electrical strain. Following conclu- 
sions can be drawn from the six conducted tests: 


è The formation of WEC under rolling contact can be influenced by 
lubrication conditions. Tests under full fluid lubrication (A > 3) did 
not show any material damages. WEC were found in one test run- 
ning under boundary lubrication conditions (A = 0.24). 

è The direction of the sliding has an influence on the formation of 
WEC. The ring that experienced negative slip showed that WEC 
spread mainly parallel to the raceway surface. These characteristics 
can also be found on the tested axial thrust bearings. In contrast, the 
ring that experienced positive slip failed due to axial cracks (without 
WEA) and showed considerably less WEC below the surface. 

e Close-up images of the observed WEC-affected areas revealed no 
carbide precipitations inside the WEA-zone. Though the initiation of 
the damage pattern cannot be recognized, the WEC-affected areas 
show no link to the surface in the investigated plane. 

è Fractographic investigation of the axial crack showed no WEA in 
association with the axial crack. However, WEA/WEC were ob- 
served at the same cross section beneath the rolling surface. 

e SEM investigation of an axial crack revealed that the initiation and 
propagation of the axial crack occurred below the surface. 
Furthermore, deformation of the crack faces — due to crack rubbing — 
were observed. Close-up view of the crack surface revealed further 
hairline cracks being located horizontally to the over-rolling direc- 
tion, which can be seen as a consequential damage due to the cyclic 
loading. 


Although the results are yet to be confirmed statistically and further 
studies are needed to validate these initial observations, the hypotheses 
formulated above (Chapter 4) provide an insight as to why WEA/WEC 
formation takes place preferentially in the area of the negative slip 
under boundary lubrication conditions. 
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